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0 Process and device for separating electrically charged macromolecular compounds by forced-flow 
membrane electrophoresis. 

© A process and apparatus for the continuous separation of electrically charged macromolecular compounds, 

such as proteins, by forced-flow membrane electrophoresis is provided. 

Said process is conducted in an electrophoretic cell comprising a membrane compartment, divided by a 

micro- or ultrafiltration membrane into a feed and permeate cell, and electrode compartments being partitioned 
<M from the membrane compartment with ion-exchange membranes, which are impermeable to the macromolecular 
^compounds, and have virtually no permeability to salts. 

- The electrophoretic process comprises the steps of recycling a mixed solution of the charged compounds 
£ which are dissolved in a separation buffer through the feed cell, subjecting of the solution to a pressure-dnven 
0> membrane separation, applying an electric field across the membranes and the solution to cause electrophoretic 
w migration of the charged compound and to separate them, and withdrawing the charged compounds thus 
CD separated. 

5> The process achieves separation of charged compounds having differences of their isoelectric points in a 
0 range of as low as 0.1 to 0.2. The process is very useful to remove charged contaminants from the desired 
compounds. 
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Process and device for separating electrically charged macromolecular compounds by forced-flow 

membrane electrophoresis 

The present invention relates to separations of electrically charged macromolecular compounds utilizing 
electrophoretic migration by forced-flow membrane electrophoresis in a continuous manner. 

Forced-flow membrane electrophoresis is a term originally coined in US-A-2.878,178 for a separation 
technique which is effected by passing solutions or suspensions of electrically charged macromotecular 
5 compounds. e.g. colloidal biopolymers, such as proteins, under pressure parallel to a ^roporous 
membrane which divides an electrophoretic unit into two chambers. A portion of the tad -s forced through 
the membrane and protein molecules are carried through with the tad. An electric field is applied 
perpendicular to the membrane and parallel to the permeate flux, with a polarity such toat protons ; wh ch 
?e appropriated charged (e.g. all those with an isoelectric point (pi) higher than the pi of a tag* t motecule 
7 o to be separated) are given an electrophoretic velocity opposite to that of the permeate flux and retained on 
the feed side while the target protein is swept through to the permeate side in more punfied form 

However, the importance of a tangential recycling flow on the feed and the permeate sides on the 
separation efficiency was not realized and not mentioned elsewhere. On the contrary, very low circu ation 
flows were used in order to maintain a gravitational^ stable flow profile in the cells. The range ^circu^tJon 
75 flow rates parallel to the membrane were kept below 0.01 cm/sec. Nevertheless, the separations which 
could be demonstrated in the smali scale devices were not very sha*. In the upscated comrnero^ 
installations, a large number of parallel cells with large membrane area must be incorporated . It may be 
difficult to guarantee identical flow profiles in each compartment of the large scale devices and therefore the 
expected separation will be lower than that demonstrated so far. 
20 A variation has been described in US-A-3.989,613 in which a buffer solution is pumped paraHeP tothe 
membrane on the permeate side as well to help sweep away the target molecules which permeate torough 
the membrane. There is. however, no net transfer of fluid from one compartment to the other. Instead, only 
the appropriately charged species is carried over electrophoretically. 

tab* of these devices the recycle rate parallel to the membrane was very slow <0.01 cnVs). On the 
25 other hand, as much as 50% of the fluid would pass through the filter per pass through the device. In such 
cases significant electric polarization effects could be encountered. eanarate 
In all of the known devices for forced flow electrophoresis, dialysis membranes were |**£»P*f? 
the electrode compartments from the filter (membrane) compartments. At the high field sUengths needed 
acid and base are generated at the anode and cathode respectively.and contammate the neighbou ing 
30 solution causing a change in P H if the buffer is exhausted. To prevent this, high 

must be used which raise the conductivity to very high levels and thus require higher currents to maintain 

^^^town toat the volume of purified permeate passed per unit of charge passed |*™« *• 
membrane is given by the ratio of the electrophoretic mobility to the specific conductivity of the aolubon. 

as tC fore, and alsoTn order to minimize Joule-heating of the feed solution, it is more energy efficent to 
work at the lowest conductivities possible. from thn orocess 

Also if the voltage is too high the dialysis membranes used to protect the electrodes from the Process 
streams car The fouled, leading to a toss of flux. As i.lustrated in US-A-3,989.613. *£J^%S£ 
tangential flow in the device electric polarization occurs at membranes protecting the etertode solutions 

«> casing excessive voltage drops to maintain the current density required for a P«icuhrfla « *anglh£« 
poterization arises from the absence of strong tangential flow on the permeate side and/or the feed side of 

ihB Z^Z^To^Z.^ C ^ dialysis membrane with the ion-exchang e = brane on the 
boundary between the electrode and separating cells, which is one of the inventive * 

.5 plerTtoe fouling due to absorioed proteins. This will be explained in the following During the passjge o 
electric current water splitting occurs on the surface of the ion-exchange membranes^ The .effect is 
— I In dilutees and hfch current density are used. During j^<^££ 
or hydroxyl ions are removed from the feed or permeate side causing pH barners to accumulate ^on both 
surface! d the ion-exchange membranes. For example anion-exchange membranes remove hydroxyl ons 

50 owtds toe anode. Tne surface contacting the protein solution maintains a local acid layer. Negatvely 
Steins, which are attracted to the anode will meet on the ^^^T^T, 
feed side, the acid layer. The original negative charge will be neutralized and changed to > * 

result the protein will be repelled from the anion-exchange membrane toward the cathode. S.m.la ^effect ^wifi 
cSur at the cation-exchange membrane in the permeate cel.. This is the mechamsm by which membrane 
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^^^nbetore the known fo.ed-f.ow membrane electrophoresis. processes suffer from 

various disadvantages which can be summanzed as follows: momhranfi chanoe the pH- 

- leakage of acids and bases formed at the electrodes that enter the membrane cell and change tne P m 

value of the feed mixture, thereby MMCM ^ droD Q f *h B 

. the sensitivity to remixing from natural connection due to Joule-heating, which causes the drop of the 

separability of the macromolecular compounds; 

- the electric polarization in the electrophoretic cell; differences in isoelectric 
. and the unsufficient resolution of the compound mixtures achieving a range of differences 

' ^VlTZ^ioZ*'** most of these disadvantages can be overcome by ^ 
improved separation method for electrically charged macromolecular compounds using forced-flow mem 

^TeXra^P*. object of the present invention is to provide a process for the .ocrttaw 
i sepa^ato oTefeSy chared macromolecular compounds by forced-ftow membrane e.ectro P hores,s, 
which comprises conducting said process in an electrophoretic cell <^*"9 b a micr0 _ 

(1) a membrane compartment consisting of a feed and a permeate cell which are divided oy 
or ultrafiltration membrane permeable to said macromolecular compound mem brane 
,2> at both sides thereto electrode compartments being partitioned from the cells ot tne me ™ r *"" 
. ooJlt^TJZ^e membranes. K impermeable to said macromolecular compounds and 

having no or very low permeability to salts, and 

m means to control the flow rate of the permeate, by the process steps ot 
S^ta^SouraolulIoni containing mixtures of electrically charged macromolecular com- 

pounds an^S Rvalue between the isoelectric points of said 
5 said feed cell and subjecting them to a pressure-driven membrane separation ^ me " 1 - jnduce 

(b) simultaneously applying an electric field across the solutions and the ^ranes to^uce 
electrophoretic migration of at least one of the macromolecular compounds through the micro- 
ultrafiltratlon membrane or away from the membranes, 

(c) adjusting the flow rate of the permeate to a predetermined value. 

(d) withdrawing at least one of the macromolecular compounds e.ther from the feed or permeate 

(e) recycling a dilute buffer solution through the permeate cell to sweep away i""™*^ 
material wh ch have permeated through the membranes; the dilute solution may *° **J»»^ ma^y 
tower 0 h r g her than the P H of the feed solution, the recyde rate in the permeate and feed c efls being ^many 

35 HZ the rate of feed solution-permeation and the residence time of the solution in the c*!.s being very 

^Another object of the invention is to provide an apparatus suitable to carry out said forced-flow 

membrane electrophoresis. In general terms this apparatus ~ m P nses ft jn 

. electrode cells spaced from each other and having the anode ^^^^ or ^tratton 

4 o - a membrane compartment of a feed and a permeate ee l °e.ng divided ^ ina located between said 
membrane permeable to electrically charged macromolecular compounds, ^^^^ 
electrode cells and partitioned therefrom with ion-exchange membranes .mpermeawe 
molecular compounds, and having no or very low permeability to salts maC romolecular com- 

- an inlet for supplying the aqueous solutions containing the electncally charged macrom 

45 pounds into the feed cell of the membrane compartment mem brane compartment, 

I^^SSSSKS-- sc*«> o, m ma— * corned, - 
so ■ means lor controlling the permeate flow rate at a predetermined rate. 

55 and the drawings of this specification. t macromolecular 

In forced-flow membrane electrophores.s the W^u«»nww perpendicular 
compounds (proteins) at different rates parallel to ^'^^ « ^^3^ *e fie,d across, a 
to the electric field while the pressure forces part of the fluid in a direction para e 
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separating semipermeable membrane. Forced flow electrophoresis has an advantage we <<™^™ z °™ 
Sophoresfe In that the sampie need not be injected at a particular point *t»£^M»» 
spreading of the separated zones is eliminated. Forced-flow electrophoresis, however, has a high capactty 
L lower residence times which are only limited by the electric field strength needed to balance the 
s permeate flux through the membrane. 

The electrophoretic velocity is given by the relation 

where uistte electrophoretic mobility (in cmWolt sec.) of the charged compound and is a *«*nof£l 
Therefore the quality of separation resolution depends on control of the pH, permeate flow, and I operating 

10 field strangths. E (in Volt/cm) is the electric field strength and Is proportional to the current d"**"** 
2d inversely proportional to the specific conductivity of the feed solution. The power dialed to these 
units per unit area is proportional to the distance between the etectrodes (hence thickness o the flow 
parage square of the current density. Hence to minimize Joule-heating of the feed 

is a premium on maintaining flow channels of minimum thickness and feed and permeate solutions of 

J5 minimum conductivity so that a given field strength can be maintained with a min.mum current dens.ty. 

riTe case whera very shaTp separations are required, especially when separatinj . between «Woldal 
components characterized with very low and close electrophoretic mobilities, it is essentia ' * P*™»» 
separation at very high field intensities. The localization of the field intensity to the region of the separating 
ceHs only (feed and permeate) will minimize Joule-heating/cooling problems and sharpen the separation. 

20 Thte cjJon can be effectively achieved by operating the membrane cells (feed and permeate ojjMjJh 
very low buffer concentrations, while keeping the concentration of the electrolyte in the adjacent electrode 

compartment at a relatively high value. oanarala ««, «i<*~trode 

To achieve the required combination of conditions it would be very desirable to separate the electrode 
compartments from the separating (membrane) cells by means of an ion conduct JJT'JSJ^ 
25 able to salt and macromolecular compounds. Such set up would enable to 

throughout the cells, while preventing salt leakage from the electrode compartments. I is thu , poss bl to 
use highly concentrated electrolyte in the electrode compartment in contact with very dft* buffer solutioj 
in the coLd separating cells. This option is contrasting the usually appled confi gnMM on a «R 
permeable, non-conducting dialysis membrane, which in the present invention .s replaced with a salt 
so impermeable ion-exchange membrane. nf the drawlnas 

In the following detailed description of the invention reference is made to the figures of the drawings. 
The numbers refer to the parts of the figures. 

Fiq. 1 is a schematic view of the forced-flow membrane electrophoresis 

Fig. 2 is a schematic diagram of an inventively used electrophoresis, separation device and rts 

35 *^?SL* shows the flow of electrically charged compounds when subjected to the 

inVen ^Tsto fi :: ^^^0: membrane electrophoresis scheme, viz. two electrophoresis 
stacks, piggy-backed one on the top of the other. 

40 This modified apparatus is a further object of the present invention. annflratus for cam/ina 

The principle of the present invention is described with reference to Fg. 1. The apparatus for cany ng 
out the Eve forced P f.ow membrane electrophoresis can be of a flat, cylindrical or ^ wound 
geometry with a flow passage divided by a microporous membrane (1) (which .s *™ r ^^*™ 
membrane permeable to electrically charged macromolecular compounds) into a h,gh pressu re 2) <f eerf 

45 cTand low pressure (3) side (permeate cell). This flow passage is situated betveen a pair of electiodes 
Soi 4 andcathode 5) in corresponding electrode compartments (6) and (7) which are 
*e high/low pressure side of the membrane by ion-exchange membranes: an / ^ ,on ^ x f^ 9e ^ 9 ^ r ^! 
7) is bordering the anode compartment (6) and a cation-exchange membrane (9) ,s bordering the cathode 

compartment (7). 

so The electrodes (4 and 5) generate an electric field across the flow passage 

The ion-exchange membranes (8 and 9) can be of any of the commercial types avail able . provide d Uhey 
allow Title or no passage of neutral salts or other uncharged molecules. This would include but not be 
Sdtoilnsic'ion-Schange membranes and also ion-exchange resins ^^'"^f^ 
membrane matrix. The positively charged groups on the anion-exchange membranes can includ i but not be 
55 ITed to suStituted amines. The negatively charged groups on the cation-exchange membranes can 
elude but no be limited to sulfonic or carboxylic acid groups. The ion-exchange <™*™*™^ 
no adsorb components of the solution mixture to such an extent that fouling of fte -J™**"* 
membranes and significant electric polarization would occur. These membranes are e.g. prepared from 
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fluorinated polymers (polytetrafluoroethylenes). which constitute the polymeric backbone; representative 
brands are Setemion®. Nation®, Neginst®. RAI®, Ionics® or lonac®. 

These ion-exchange membranes prevent the passage of acid and base formed at the anode and 
cathode respectively from passing into the flow passages containing the protein mixture This is a 
significant advantage over previous forced-flow electrophoresis units as it allows much lower buffer 
strengths and hence lower conductivities to be used during the separation, hence lower currents to maintain 

a needed field strength. ... 

Electric contact is maintained between the electrodes and the ion-exchange membranes by a nign 
conductivity salt solution which is continuously recycled. The high conductivity salt solution shouW be one 
which does not contain charged acid or base species which would otherwise permeate through the .on- 
exchange membrane and change the pH in the separation chambers. A good example ^of such an 
electrolyte woukJ be sodium or potassium nitrate. Chloride salts could also be used though ttiey are more 
corrosive to the electrodes. This electrolyte solutions may be kept separate or allowed to flow from one 
electrode compartment to the other to neutralize the acid and base formed during a run. In a preferred 
embodiment of the invention, the electrode chambers and flow passages are filled w.th a grid to hold the 
ion-exchange and micro-Zultrafirtration membranes in place while enhancing mass transfer. 

The hydraulic permeability and other properties of the microporous membrane are determined by the 
necessity of retaining on the high pressure side of the membrane those charged macromolecular spec.es 
which are not to be swept over to the permeate side by the liquid flow through *e "lembrane. In , partcdar 
the local liquid velocity (V llq ) must not exceed the local electrophoretic velocity (V. p ) of the least mob«le 
component to be retained. This can be expressed by the equation 
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(2) v liq < -i»| v .p| (il) - ^ r v 



ep 



In which the direction towards the membrane is taken as positive, where V epJ is the electrophoretic velocity 
of the component i. It is negative for retained species, (i ) refers to all retained spec.es. 

The liquid velocity is composed of two components, one due to the pressure grad.ent and one ansmg 
from the presence of an electric field: 



(3) V Uq - LpAP + u°E 



(pressure (electroosootic 
driven) flow) 



where Lp is the membrane permeability and u? is the electroosmohc coet^cen of* th en the 
the electric field. If the electroosmotic flow In equation (3) is greater than the allowed value ol^ttontt« 
<° pressure must actually be applied in the direction opposite of the liquid flow to partially counterbalance th.s 
electroosmotic flow. The electrophoretic velocity is given (d. equation (1)) by: 

where J? L^ectrophoretic mobility of the component i. The field Is related to the conductivity of the 
solution (K) and the current density (i/A) by the equation: 

45 

(4) \ p " "i* 

50 Equations (3) and (4) can be combined to give the following requirement of the permeability (Lp) of the 
membrane: 

<6> if tit el^^tJ^ffident is of the opposite sign as the ^^^^^ 
species, then the limit on membrane permeability for a given applied pressure .s lower .n the presence of 

55 ''^^SX^co^dm^ the fo.loW.ng operative requirements of the membrane can be defined: 
The micro- or uttrafi.tration membrane must be highly porous and fair ly homogeneous so that he local 
and average liquid velocities are the same. Since the balancing of the liqu.d flux and electnc field .s based 
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on measurement of the total permeation rate divided by the membrane area, there is an implied assumption 
"Sld a^ pe-on rates are nearly equai. This wouid rule out sparsely porous 



TrThTdrodynamic permeability of the membrane must be adapted to fit the electrophoretic velocity of 
5 the reTain* ?%Z as explained above. For example, it .not practical ^ am^e re,u nng 
control of pressure differences to less than about 0.5 kPa. The range of the membrane pore ; size ^rnay he 
H o 05 to 10 urn. The lower limit would be that the pores be not so small as to cause sieving effocte for 
Z <* L macromo.ecu.ar components which are to be separated on the bass of ^arga S n c e ^ some 
pSJns could have weights up to a few millions, this means having a pore size not below about said 0.05 

10 ^ mimetic flows of the membrane must not be greater than can be practically coaled by a back 
pressure control valve. Given the cell geometry, structure, and recycle rates under ^.derabon a back 
pressure of 100 kPa is practical maximum. Therefore the limit on the electroosmotic coefficient on a 
particular membrane is given by rearranging equation (3) and setting 7" llq equal to zero to g.ve. 
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(7) «; < -ap 



Lp 



where AP is the applied backpressure to counteract the electroosmotic flow. Note .that the MM** J • 
the equation is an expression solely in terms of membrane properties and the right-hand s.de is solely 
terms of operating parameters of the forced-flow membrane electrophoresis device. 

For example (Lp<1Q-3 cm/sec. P<100 kPa. E<100 V/cm) the membrane must have _an 

eledmc^ormobility of tess than 10"3 cmWolt sec. This is not a very stringent requ,rement given that 
protein electrophoretic mobilities are of the order of 0.5 to 5M0^ cmWolt ««• 

In order to reduce the chance of electroosmotic and sieving effects, the membrane sh have Jrttle or 
no interaction with components in the mixture to be ^ M ^^^Z % % Z 
adsorption of protein. Also to minimize electroosmotic effects, the ^ b ™\^f*™*™"2 
charged groups on the pore surfaces, or at least those which cannot be avoided should be homogeneously 

distributed in the membrane. ^^tinn* fnr 

To summarize, the preferred properties and ranges of membranes and operating cond,toons for 

separation proteinaceous mixtures are: 

Electric field : 40 - several 100 V/cm (e.g. 40 to 500 or 40 to 300 V/cm) 

Pressure : -1 00 to 1 00 kPa. 

Electrophoretic mobility: 0.5 to 5M0" 5 cmWolt sec. 

Membranes of the following properties can be used: other cellulose 

Hydrophilic membranes : such as membranes of polyacrylonitnles celMose J* 0 ^ 
esters, hydrophilic polysulfone, or polyamides. or nonadsorbing membranes with no charged group, sucn as 

membranes on the basis of polytetrafluoroethylenes. nrfl f efab | V less than about 

Their pore sizes may be In the range of 0.05 to 10 urn and permeab.Htes are preferably less tnan aooui 

360 Th^ membranes may be symmetric or asymmetric with the tight side facing towards the feed or 

"TrS^t feed solution (10) - prepared in a feed tankOB) by pumping W«« 
buffer ToLon from a tank (20) and controlling this addition by a pH-electrode (2 ) and a P""^?* 
• Vs Vrumc W7) under pressure (pressure driven membrane treatment) to flow tangentially along the high 
P , of the microporous membrane membrane while an electocfieK . ( ) and 
cathode (5) is applied perpendicular to the membrane. This circulation flow of the feed para lei to the 
™lbrJ keeos the membrane free of gel-polarized material and allows the permeate flux to be 
SSS. rpL^to ^Lugh ^membrane (1) only ^^^ZZ^^ 
or have an elecfrophoretic velocity in the same direction as the permeate flux will bec^ete^tiansfejed 
Z thToermeate skle (3) The permeate can then flow out of the cell where it is collected under the flow 
leLTbT* Tapptied ^assure. The flow rate of the permeate can be adjusted by P^re to a 
SSintd value in a preferred embodiment a second pump (23) circulates permeate buffer solution ^to 
retZ perrTate side of the membrane and collect the permeated molecules. This second arrangement 
t^s the^toge of redudng the etectric polarization on the low pressure side and reducng the apphed 
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vonag. nested to main* a given Held Strang*. Additional wave 10 reduce the elect* polarization are b» 

, %£ZS5t. This ma, be automatical, e, manuail, monitored, and J » 

SLcall, naeorded and permeation rates calculated on e microcomputer w* monitor (32). The oan 

to tr P H 0.1^^™^ b, use c< a bone, e,s»n, m or -ton, e*W pH cootrc, 
» °*£ S eie^'ty* drct-on and etecbode .ashing *M> * PUmPed 

<h ' 9 The device oan be appealed all »»ee g«am<*ic team, b, Inoreaaing the mambran. area aooording to 

» XSPESS lengd, and are number o, fcbea par ™dole based . ndbM « existing 
technologies for multitubular membrane filtration devices. . 

- Flat Sheet - Make larger area cells and stack cells with electrodes for each cell pair. 

- Spiral wound- Increase the diameter and length of 2«P*^^ U * ^ , ow equivalent 

^t^.«^r^^^^^r^ M g^ 

these contain a substituted amine group providing the positive charge and a sulfonate or carbonate g 
providing the negative charge 

(R'^NRSO. v or 

H W <=) 
R'^NRCOO w ). 

An example is the material N-morphollnoethane sulfonate (MES) of molecular structure: 

< >H CH 2- CH 2- S0 3 U 

electrophoretic cell (not shown in Fig. 2). H ««irAd in concentrated form then the 
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or any membrane type concentrating device such as ultrafiltration, etc.) to remove the proteins from the 
permeate, and return the stripped permeate to the feed to diafilter the feed and push out either the target 
molecule or contaminants. 

One further object of the present invention relates to the principal process for the separation ot an 
electrically charged macromolecular compound by forced-flow membrane electrophoresis, which comprises 
the simultaneous purification of said macromolecular compound from an aqueous mixture of other charged 
macromolecular compounds with pl-values both greater and less than that of the macromolecular com- 
pound to be separated, in a forced-flow membrane electrophoresis apparatus of two stacks, piggy-backed 
one on the top of the other, comprising 

• a membrane compartment of a feed cell (2) flanked by an anodic buffer cell (6a) on one side and a 
cathodic buffer cell (7a) on the other, both being partitioned from the feed cell (2) by micro- or ultrafiltration 
membranes (1) which are permeable to electrically charged macromolecular compounds, and 

- electrode compartments (6. 7) spaced from each other and having the anode (4) and cathode (5) located 
therein, being partitioned from the anodic and cathodic buffer cells (6a, 7a) by an anion- and cafcon- 
exchange membrane (8, 9) respectively, which are impermeable to said electrically charged macro- 
molecular compounds, and having no or very low permeability to salts. 

More particular this process comprises maintaining the pH of the aqueous mixture of charged 
macromolecules at a value equal to the pi of the macromolecules to be separated and recycled in the feed 
cell keeping the pH of the buffer solution in the anodic buffer cell (6a) slightly lower than the pi of me 
macromolecule to be separated, and the pH of the buffer solution in the cathodic cell (7a) slightly higher 
than said pi, applying an electric field to cause migration of positively charged macromolecules from the 
feed cell (2) into the cathodic buffer cell (7a) and of negatively charged macromolecules from the eed cell 
(2) into the anodic buffer cell (6a). and retaining the macromolecules to be separated In the feed cell (2). 

The above embodiments of the present Invention, when used in combination with each other, enable to 
achieve very sharp separation (differences of the isoelectric points of the electrically charged macro- 
molecular compounds in the range of 0.1 to 0.2) which could not be demonstrated by means of previous 
designs. They serve to achieve the following physical conditions essential to the separation process. 

- Prevention of leakage of acids and bases formed at the electrodes from entering the (membrane) ceils 
and changing the pH's of the feed mixture, thereby lowering the buffer requirements. 

- High field intensities within the separating cells and not in the electrode compartments, thus minimizing 
the Joule-heating effects, which interfere with the separation process. This can be achieved as a result ot 
the use of ion-exchange, salt impermeable membranes at the electrode/separating cell boundenes. 

The use of such membrane enables to keep electrolyte concentrations in the electrode cells at very nign 
values, and those in the colloid compartments very low. The result is that the main voltage drop occurs 
through the colloid compartments only where the high field intensity is in effect required. 

- Reduction of electric polarization in the electrophoretic cell. 

- Use of optimized buffer systems of high capacity and low conductivity (zwitterionic buffer, also named 

- G M^ntenfS'of a homogeneous pressure differential across the membrane at each point In the cell, thus 
maintaining constant linear velocities of the permeating fluid across the cell. As a result the net migration 
velocity of selected species is homogeneous over the whole cell volume and the separations is sharpened. 
This is accomplished by having permeate and feed solutions flow at the exact same recycle rate in paranel 
direction through their respective sides of the separation cell. Given identical geometry for both sides of the 
separatidn cell, the pressure drop from inlet to outlet will be the same on both high and low pressure sides. 

- Maintenance of the net transverse velocity of the permeating species at a predetermined value needed for 
best separation efficiency. This is accomplished by applying backpressure in the separation device 
according to computerized feedback to compensate for electroosmotic flow effects which would cause the 
net transverse velocity to deviate from its required value. 

The maintenance of the constant transverse velocity is especially difficult at high field intensities applied to 
low conductivity solutions. The variations in conductivity can then significantly affect the electroosmotic flow 
causing instabilities in the rates of permeation of the various molecules thereby reducing the sharpness , of 
separation. Thus, online recording of permeation rate and feedback corrections of the applied pressure 
during separation are essential elements of sharp separation capability. rar ,„ traA 

The best flow regime in the feed and permeate compartments, which will contribute to the required 
local flux homogeneity would be a parallel flow, contrary to the usual coutercurrent flow regime. 

The here presented process and device incorporate one additional important and advantageous feature. 
By having independent control of pH in the feed and permeate compartments, the pH on the feed and on 
the permeate sides can be maintained at different values. In known isoelectric focussing and free flow 
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electrophoretlc devices, there is nothing to prevent diffusive broadening at the boundary between two 
regions of different pH, except for the inherent buffer strength in that region. 

In the device described here the use of high circulation flow and turbulent promoting gnds afford rapid 
mixing on either side of the microporous membrane. As a result the pH on each side is maintained at a 
uniform value right up to the membrane solution boundary. This generates a very steep pH-gradient across 
the thickness of the membrane. This is illustrated schematically in Figs. (3a) and (3b). This can be exploited 
in the following manner. 



10 Fig. 3a 
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Two electrically charged components A and B having pi (A) > pl(B) are in the feed solution at pH> »P>" 
(A) and with the permeate side swept by a feed solution at pl(A)>pH(perm)>pl(B). If the field is applied with 
the anode (4) on the feed side (2) and the cathode (5) on the permeate side (3). the component (A) will 
reach the membrane (1) but the component (B) will not or at a much lower rate since its electrophoretlc 
velocity will be away from the membrane and greater than A's. However once a molecule of (A) reaches the 
membrane (1) it passes to a region of pH<pl(A). the molecule's charge reverses and rt is accelerated 
through the membrane at a higher rate than the liquid flow while molecule (B) is still retarded. 
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Fig. 3b 



Alternatively, If pH(perm)>pl(A)>pH(feed)>pl(B). then a molecule of (B) passing through ttie membrane 
due to fluctuations of pressure and liquid transverse velocity will be retarded by the higher pH on the 
permeate side which increases its electrophoretlc velocity back towards the feed side. Thus con am.nat.on 
of (A) in the permeate by (B) is further prevented. V A and V B are the electrophoretlc velocities of 
components A and B; V llq is the liquid velocity. 
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Shows a schematic view of two forced-flow membrane electrophoresis stacks, piggy-backed one on top 
of the other. The feed cell (2) is in the center and is flanked by an anodic buffer cell (6a) on one side and a 
cathodic buffer cell (7a) on the other. The contaminants are pushed out on both sides while reta.n.ng the 
as feed in the feed cell (2). This has the added advantage of keeping the protein away from ^lectrode 
compartments (6, 7) where electric potentials are at extremes. (1) refers to rn.crof.ltrat.on or f «f a ^n 
membranes and (8) and (9) Indicate anion-and cation-exchange membranes, respectively, of the type as 

^T^aJfors^cfTa^system to work, retention of the main protein in the feed cell (2) requires high fields 
40 and appropriate pH-conditions In the bordering buffer cells (6a. 7a). This is so that any ma£ protean earned 
into the buffer cells (6a, 7a) by convection becomes charged and hence pushed back into the center, in the 
feed cell (2) the main protein must have a tow electrophoretic velocity. Otherwise .t w. I be swept It one 
direction or the other into one of the buffer cells (6a. 7a). In addition, low conductivity in the feed eel (2 
itself generates a high electric field which adds to the flow field in pushing the contaminating proteins out of 
45 the feed. Therefore the optimal conditions for such a device are: 

- low conductivity in the feed and the buffer cells, 

- pH - pi main protein in the feed cell, . . 

- oH = pi of the nearest anodic contaminant in the anodic buffer cell (6a) (pH < pi of the main protein). 

- pH = pi of the nearest cathodic contaminant in the cathodic buffer cell (7a) (pH> pi of the main Protein), 
so The following examples are presented to exemplify preferred embodiments of Je shou,d 

not be construed as limitation thereof. Parts and percentages are by weight if not indicated otherwise. 
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The first set of examples uses the cylindrical form of the device (cf. Fig. 2) with an anode as the central 
electrode and the cathode as the outer electrode formed by a porous stainless steel support tube it has an 
tZSwl* o?24 cm and an inside diameter of 1.27 cm. The anode is separated from the electrophone 
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chamber by an anionic exchange membrane. This membrane prevents the acid formed at the anode from 
passing into the annular electrophoretic flow passage. An electrode solution of 0.5 NaN0 3 is pumped over 
the anode to maintain electric contact between the anode and the anionic exchange membrane. A 
microporous membrane with pore size of 0.2 micron and net area of 95 cm 2 rests against the outer cathode. 

5 The annular flow passage defined is 24 cm long with thickness of 0.485 cm. 

The feed solution is a mixture of proteins pumped at a flow rate of 1.5 to 2.1 l/min along the flow 
passage under an applied pressure of 4 to 8 kPa. The pH of the feed is - maintained at a set value by a 
buffer. Liquid permeated from the high pressure side through the microporous membrane and through the 
cathode to a permeate collection point outside the device. The compositions of feed and permeate are 

to determined spectrophotometrically for the proteins and by a colorimetric reaction for the dextran. In this 
example the current applied is 0.1 A and the voltage across the cell ranges from 100 to 300 volts, 

a. A mixture of myoglobin (pi = 7.35(6.85 of minor component)) and bovine serum albumin (BSA) (pi 
= 4.9) is circulated in a phosphate buffer maintained at pH 6.65 to 6.8 with specific conductivity of 18 
' umho/cm. The feed composition is 227 ppm of myoglobin and 950 ppm of BSA. When a current of 0.1 A is 

T5 applied across the flow passage, the permeation rate of buffer solution across the membrane is 187.5 
l/m 2, h. The collected permeate has a composition of 488 ppm myoglobin and 0 ppm of BSA. The higher 
concentration of myoglobin in the permeate is due to it being charged positively (pH<pl myo globin) so that 
its electrophoretic velocity caused It to move faster across the membrane than the permeate solution as a 
whole. 

20 b. A mixture of cytochrome C (pi = 10.25) and ovalbumin (pi = 4.7) is circulated in a phosphate 

buffer as in example (1a). The feed composition Is 100 ppm of cytochrome C and 400 ppm of ovalbumin. 
When a current of 0.1 A is applied across the flow passage, the permeation rate through the microporous 
membrane is 214 l/m 2 *h. The permeate contained 222 ppm cytochrome and 0 ppm ovalbumin. 

c. A mixture of dextran (MW 275000) and myoglobin (pi = 7.35) is recycled in a Tris-buffer 

26 maintained at pH ■ 9.0 with a specific conductivity of 24.2 umho/cm. The concentration of the dextran is 
988 ppm and the concentration of the myoglobin is 150 ppm. Before the field is applied the permeate 
composition is 988 ppm dextran and 96 ppm myoglobin with a flux of 33 l/m 2 *h. On applying a current of 
0.1 Ampere across the flow passage, the flux increases to 172 l/m 2 *h and the permeate composition 
becomes 924 ppm dextran and 0 ppm myoglobin. 
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Example 2 

This example uses the same apparatus as in Example 1. The microporous membrane is a supported 

35 polyacryionitrile membrane with a pore size of 0.45 micron. 

A mixture of alpha-amylase (98 ppm) (pi = 5.2 to 5.4) and myoglobin (89 ppm) (pi = 7.35) is the feed 
solution. The enzymatic activity of alpha-amylase and the total protein content are determined by the 
method of P. Bernfeld -Enzymatic activity of a-amylase, Methods in Enzymology, 1, 149 (1955) and the 
modified Lowry method for protein analysis according to Ohnishi and Barr, Anal. Biochem. 86, 193 (1978). 

40 The pH-value of the feed is maintained at 6.8 using a phosphate buffer diluted to an initial conductivity 
of 34 umho/cm. At the beginning of the experiment the alpha-amylase has an activity of 92100 units ml and 
total protein is 171 ppm. When a voltage of 95 V is applied across the cell the flux through the membrane 
is 95 l/m 2 *h and the permeate contains 108 ppm total protein but only 2460 units of enzyme activity (97% 
rejection of enzyme). 
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Example 3 

A fiat electrophoresis apparatus shown in Fig. 1 is used with upper and lower electrophoretic flow cells 
50 separated by a 0.45 urn microfiltration membrane of 30 cm 2 . Each cell is 3 mm thick by 3 cm wide by 10 
cm long. The fluid inlet and exit ports are at the ends of the long dimension of the cells. 

The anode at the top and the cathode at the bottom of the device are separated by anion and cation 
exchange membranes (Selmion®), respectively. A turbulence promoting grid is provided in both the top and 
bottom flow cells of the membrane compartment. As shown in Fig. 2, two pumps are used to cirulate 
55 sample and buffer along the top and bottom surface of the microfiltration membrane with an overpressure 
on the fluid flowing along the top surface of the membrane. A third pump is used to recycle 0.5 M NaN0 3 
electrode solution across the anode and cathode and maintain electrical contact with the ion-exchange 
membranes. The recycling of the same electrode solution through both cathode and anode promoted 
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neutralization of the base and acid formed in the respective electrode compartments. Current measure- 
ments show that there is only a small portion of the current flowing through the electrode so ution. 

t HmmerSa. sample of horse myosin (Sigma Cat. No. M1882) is placed on ^ ^ ^ 
a series of pi bands ranging from 5.1 to 8.0 (see Table 1). The 500 ppm solution of this sample -s 
Circulated at a pH of 7.25 to 7.35 using a 2 mM MES buffer solution with specrfic conductivity of 105 

Um X C Tpplying a field of 0.1 A and 60 V (field strength of 32 V/cm) a permeate is obtained at the rate of 
3 0 ml/min. Ultrathin isoelectric focussing gels (dimension of the isoelectric focussing device: 20 5 , x « 
cm- electric field parallel to the short side) are run on feed and permeate samples using loadings of 2.5 ugs 
o te . P Sn pe? sample and silver stained uang the procedure of Heukeshever . and Demi* 
(Electrophoresis, 6, 103-112. 1985). All of the bands with pi below 6.8 are elimmated (bands 6 to 11 in 
Table 1). 



Table 1 



75 



20 



25 



30 



Position of horse myoglobin bands 
on the isoelectric focussing gel. 



No of 


pH-vatue 


distance from 


band 




cathode (cm) 


1 


8.0 


0.2 


2 


8.0 


0.55 


3 


7.55 


1.7 


4 


7.45 


1.8 


5 


7.0 


2.5 


6 


6.8 


3.6 


7 


6.6 


4.7 


8 


6.3 


5.6 


9 


6.05 


7.4 


10 


5.3 


8.7 


11 


5.1 


8.9 



35 



40 



b. An apparatus as in Example (3a) is used. A partially purified sample of the proteinase inhibitor _EgRn 
(pi = 5.5 2V C) containing 500 ppm (based on UV-absorbance . * 277 • nm) is recycle £ 
which is next to Ihe anode. The pH is maintained at 5.2 on the feed side and 5.35 on the pemneate side 
35 m 0 2 1 of MES as the buffer. The initial conductivity is 30 umho/cm. A current of 0.1 A ,s 

pH^totup to 6.5 white ft. feed pH is maintained at 5.2. The permeate rate 

'tTSSS ^ct—ing (UTLIEP^el of fte permeate and the eg- ^ . « - - 
loading of 10 ug total protein each sample and silver stained. It can be seen (Table 2) that the impunty 
bands are removed from the permeate to within a pH of 0.15 of the main protein. 
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Table- 2 



No, of band 


pH-value of bands on gel 




feed 


permeate 


1 




N 






2 


4,7 








3 


4t 78 




> these bands are 


4 


4.82 




removed 


5 


4.9 








6 


5,05 


4 






7 


5.25 




5.25 




8 


5.28 




5.28 




9 


5.39 




5.39 (main band) 


10 


5.55 




5.55 1 




11 


5.82 




5.82 








6.35 


these bands are 


12 


6.35 








6.46 


enhanced relative 


13 


6.46 










6.78 


to feed 


14 


6.78 




15 


6.8 




6.8 




16 


6.85 




6.85 




17 


7.85 




7.85 4 
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c. As in Example (3b) except that the Eglin solution is fed next to the cathode. The ^**«**? 
conductivity is 45 umho/crn and the applied current is 0.2 A (148 V/cn* Using . buffer qgmtf MES/HCL 
w ittl an initial MES concentration of 2 mM, the system maintained at pH 5 5 on «» <^ «£d 5-6 on the 
oermeate side The permeate rate is 0.8 ml/mln for four hours. Analysis of removal of impurities is done as 
demote <3a) and (3b) using UTLIEF® gels. As seen in Table 3. all of the impurity bands more basic 
tafoSpH nU o the main band are removed except for two at pH = 6.7*8.8. TWtanj =urv* ^showed 
thai i these components have extremely flat titration curves so that their electrophoretic mob,l,ties at pH 
5.6 are still extremely low and therefore little affected by the electric field. 
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Table 3 



No. of band 


pH-value of bands on gel 


feed 


permeate 


L 


4.63 


4.63 ' 




2 


4.7 


/. 7 




3 


4.78 


A 78 


these bands are 


4 


4.82 


4.82 


► enhanced relative 


5 


4.9 


4.9 


to feed 


6 ! 


5.05 


5.05 




7 


5.25 


5 25 

ml » mm mf 




8 


5.28 


5 28 ' 

mi . *• U 




o 


5.39 




5.39 (main band) 


10 


5.55 




5.55 


11 


5.82 






12 


6.35 




removed bands 


13 


O.HO 






14 


6.78 




6.78 


15 


6.87 




6.8 


16 
17 


6.85 
7.85 


) 


removed bands 



Example 4 

As illustrated in Figure 4 a modified version of the device in Example 3 is used. In this modified device, 
the electrophoretic chamber is divided into three flow cells [feed cell (2); anodic buffer cell 0ft aAodto 
buffer cell (7a)] by microfiltration membranes (1) of 0.1 urn cutoff and area of 30 cm 2 . As in thedev.ce m 
Example 3 each flow cell is 3 mm thick by 3 cm wide by 10 cm tong. The fluid «tt 
the ends oi the long dimension of the cells. Turbulence grids (not shown) are ^provded »"« <** 
as well as in the electrode wash compartment (6. 7). As in the device in Example 3. to .anode (4) and 
cathode (5) are separated from the electrophoresis cell by an anion exchange (8) and cation exchange (9) 
membrane, respectively. Electrical contact between the electrodes and the ion exchange membranes is 

flow ce.1 (2) and buffer solutions are circulated too ugh fjow^ls 
(6a and 7a) at 300 to 500 ml/min with a pump for each recycle loop. The feed sample pH I .s * 
or near the pl'of the protein to be purified while the buffer solution in chamber (6a) ,. gained at several 
tenths of a pH unit lower and the buffer solution in chamber (7a) is maintained at several tenths of a pH un.t 
hiaher bv external pH controllers (22 in figure 2) on each recycle loop. 

A sample bXr system such as N-morpholino-ethane sulfonic acid (MES) and its sodium salt is used m 
a«, thritw cet Backpressure valves and flow controllers (24 and 25 in figure 2) on the outsrfe ow cells 
(6a and 7a in figure 4) prevent or provide a controlled net transfer of fiquid between the outs.de flow cells 
and the central feed cells (2 in figure 4). 
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A solution of partially purified Eglin (pi = 5.5) is recycled in the central flow cell (2) for four hours. The 
initial and final conditions in the three flow cells is shown in Table 4. The field tended to push the 
contaminants out to the outer flow cells (2a, 6a) while causing the target protein to be retained in the central 
cell (2) This is shown by an isoelectric focussing gel test of the sample solution in flow cell (2) at the 
beginning and the end of the run. These gels are run at a loading of 10 ag total protein per track and silver 
stained. As can be seen in Table 5, impurity bands are removed from both sides of the protein to within 0.2 
pH units of the main protein. 

Table 4 
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Performing conditions 




Sample 


Conductivity 
(umho/cm) 


PH 




START 


anode buffer 


24 


5.31 


1: 

100 

mAU: 
275 V 


feed 


10 


5.51 ! 


cathode buffer 


120 


5.82 


FINISH 


anode buffer 


46 


5.28 


I: 

100 

mAU : 
250 V 


feed 


6 


5.5 


cathode buffer 


620 


5.83 
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Table 5 



Gel: 6 % crosslinked polyacrylonitrile gel (6T/4C) 
pH gradient : 4 - 8 (Pharmalytes®) 
Sample : partially purified Eglin 
Area : 30 cm 2 



pH-values of band on gel 



No. of 
Band 


FEED sample 
loading 10 ug on gel 


PRODUCT sample 
loading 10 ug on gel 


1 


strong 


4.63 


removed 


2 




4.7 


removed 


3 


strong 


4.78 


removed 


4 




4.84 


almost all removed 


5 




4.88 


removed 


6 




4.95 


almost all removed 


7 




5.15 


almost all removed 


8 




5.29 


significantly reduced 


9 




5.35 


almost all removed 


10 
1 1 
12 


strong 

MAIN BAND: 


5.4l 
5.44 
5.52 


MAIN 
BAND: 


5.41 
5.44 
5.52 


13 




5.82 


removed 


14 


strong 


6.35 


removed 


15 


strong 


6.46 


removed 


16 


strong 


6.78 


removed 


17 


strong 


6.8 


removed 


18 




6.85 


removed 


19 




7.85 


removed 



Claims 

1. A process for the continuous separation of electrically charged macromolecular compounds by 
forced-flow membrane electrophoresis, which comprises 
conducting said ppocess in an electrophoretic cell comprising 

(1) a membrane compartment consisting of a feed and a permeate cell which are divided by a micro- or 
ultrafiltration membrane permeable to said macromolecular compound, 

(2) at both sides thereto electrode compartments being partitioned from the cells of the membrane 
compartment with ion-exchange membranes, being impermeable to said macromolecular compound and 
having no or very low permeability to salts, and 

(3) means to control the flow rate to the permeate, by the process steps of 

(a) recycling aqueous solutions containing mixtures of electrically charged macromolecular compounds, and 
having a pH-value between the isoelectric points of said macromolecular compounds, through said feed cell 
and subjecting them to a pressure-driven membrane separation treatment, 

(b) simultaneously applying an electric field across the solutions and the membranes to induce eiqc- 
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trophoretic migration of at least one of the macromolecular compounds through the micro- or ultrafiltration 

membrane or away from the membranes, 

(c) adjusting the flow rate of the permeate to a predetermined value, 

d wi Zing at least one of the macromolecular compounds either from the feed or permeate cell and 
■ e Cycling a dilute buffer solution through the permeate cell to sweep away macromolecula nrtan* 
which have permeated through the membrane; the dilute solution may be at a pH equal, lower or higher 

SptSi' and feed ce.is being many times the rate of feed so,tion-permeation and 

, 0 ^ 7T^\T^L*;, StKScG comp^en* comprise anode and cathode 
10 compare"* ^ the a^compartment is bordering the membrane compartment by 

membrane and the cathode compartment is bordering the membrane compartment by a cation-exchange 

^T^ocess according to any one of claims 1 or 2. wherein the feed and the permeate cell are divided 
? <; bv Inoraanic or organic polymeric micro- or ultrafiltration membranes. 

J5 by wording to any one of claims 1 to 3. which comprises carrying out steps (a) to (e) by 

adluU 3 Aqueous solutions containing the electrical charged macromolecula 
fom^undf first below (above) id men above (below) the isoelectric point of the macromo.ecu.ar 

20 "Ta^XX to any one of daims 1 to 3, wherein the pH-value is maintained at the p. of the 
macLXute to be separated and subsequently applying the electric field first in one d,ect,or , and *en 
one. causing all other charged material to permeate through the membrane wh.le the des,red 

m TT P rcl e ss S alcoX to any one of claims 1 to 5. wherein the aqueous solutions are circulated under 
25 J^hS Xtf in the permeate cells and the electric field causes the electrophone migration of 
at^sTone dT thTelectrically charged macromolecular compound causing it to pass through the membrane 
tote pemTeaK >Z from which K is withdrawn, or to retain it In the feed cell, preventing its passage Into 

**77%£ according to any one of claims 1 to 6. wherein the aqueous soiutions are buffered 
3 o aqueous solutions of optionally colloidal biopotymers. preferably proteins. rnnta i nfi dilute 

8 A process according to any one of claims 1 to 7. wherein the membrane compartment contains dilute 
buffe; solutions and the electrode compartments highly concentrated ^lectrohrte ^ 

9 A process according to claim 8. wherein the buffers used in the diluted buffer solutions ae 
monovalent species of the type HA/A" and KB*/B with a high buffer capacity per unit c^ctivrty. 

10. A process according to claim 1. wherein the recycle rate through each cell is more than 100 times 

Qr "Z^^Ze electrophoresis apparatus for carding out the continuous separate 

process according to claim 1 which comprises —-wi* «i located 

- electrode compartments (6, 7) spaced from each other and having the anode (4) and cathode (5) located 

40 ^membrane compartment of a feed (2) and a permeate cel. (3) being dMdec .by a 

membrane permeable to electrically charged macromolecular compounds. being l °^ d ™™™^ 
anode and cathode compartment and partitioned therefmm with Ion-exchange membranes (8, 9), imperme- 
able to Said macromolecular compounds, and having no or very low permeability to salts 
45 an inlet (11) for supplying the aqueous solutions (10) containing the electncally charged macromolecular 
comoounds into the feed cell (2) of the membrane compartment, momh rana 
a? inlet (12) for supplying buffer solution to sweep through the permeate cell (3) of the membrane 

?S£rt outlets (13. 14) for electrolyte and washing liquid circulation which are pumped through the 

50 r3tf£S£ SC?^ solution.) of ti,e macular compounds and by- 

-^rneansfor controlling and maintaining the permeate flow at a predetermined rate (23), and 
.rli PW <or supplying and circulating the aqueous solutions, storage tanks and 
55 monitoring devices (17-22, 24-34). romorises 
1 2. A forced-flow membrane electrophoresis apparatus accord.ng to claim 11 which c^Pnses 
- an anode compartment (6) with an anode (4) and a cathode compartment (7) with a cathode (5) located ( 

therein, 
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- a membrane compartment divided by a micro- or ultrafiltration membrane permeable to electrically 
charged macromolecular compounds (1) into a high pressure (feed) cell (2) and a tow pressure (permeate) 
cell (3), being located between said anode and cathode compartments and partitioned therefrom by an 
anion-exchange membrane (8) which is bordering the anode compartment (6) and a cation-exchange 

5 membrane (9) which is bordering the cathode compartment (7), both the ion-exchange membranes are 
Impermeable to said macromolecular compounds and having no or very low permeability to salts, 

• an inlet (11) for supplying the aqueous solutions (10) containing the electrically charged macromolecular 
compounds into the feed cell (2) of the membrane compartment, 

- an inlet (12) for supplying buffer solution to sweep through the permeate cell of the membrane 

w compartment . 

- inlets (13) and outlets (14) for electrolyte and washing liquid circulation which are pumped tnrougn tne 
anode (6) and cathode compartment (7) by pump (33) from tank (34), 

- outlets (15. 16) for the components being retained on the feed side and on the permeate side of the 
membrane (1), respectively, 

is - means for regulation of the feed solution (10) by use of a buffer system with or without external pH-control 

(17-22), .... 

• a pump (23) for controlling the permeate flow at a predetermined rate, - a back pressure valve (24) to 
control the flux through the membrane, optionally by an automatic controller (25), 

- a permeate reservoir (26). equipped with a pH-electrode (27) connected to a pH-controller (28) which 
so effects the controlled addition of buffer solution from tank (29) through pump (30), the reservoir optionally 

being combined with a weigh scale (31), and 

- a monitoring device (32), comprising a microcomputer and a monitor. 

13. A process according to claim 1 for the continuous separation of an electrically charged macro- 
molecular compound by forced-flow membrane electrophoresis, which comprises the simultaneous purifica- 

25 tion of said macromolecular compound from an aqueous mixture of other charged macromolecular 
compounds with pl-values both greater and less than that of the macromolecular compound to be 
separated, in a forced-flow membrane electrophoresis apparatus of two stacks, piggy-backed one on the top 
of the other, comprising 

- a membrane compartment of a feed cell (2) flanked by an anodic buffer cell (6a) on one side and a 
3 o cathodic buffer cell (7a) on the other, both being partitioned from the feed cell (2) by micro- or ultrafiltration 

membranes (1) whic are permeable to electrically charged macromolecular compounds, and 

- electrode compartments (6. 7) spaced from each other and having the anode (4) and cathode (5) located 
therein, being partitioned from the anodic and cathodic buffer cells (6a. 7a) by an anion- and cation- 
exchange membrane (8, 9). respectively, which are impermeable to said electrically charged macro- 

35 molecular compounds, and having no or very low permeability to salts. 

14. A process according to claim 13, which comprises maintaining the pH of the aqueous mixture ot 
charged macromolecules at a value equal to the pi of the macromolecule to be separated and recycled in 
the feed cell (2), keeping the pH of the buffer solution in the anodic buffer cell (6a) slightly lower than the pi 
of the macromolecule to be separated, and the pH of the buffer solution in the cathodic cell (7a) slightly 

40 higher than said pi, applying an electric field to case migration of positively charged macromolecules from 
the feed cell (2) into the cathodic buffer cell (7a) and of negatively charged macromolecules from the feed 
cell (2) Into the anodic buffer cell (6a), and retaining the macromolecules to be separated in the feed cell 

(2) i 

15. A forced-flow membrane electrophoresis apparatus of two stacks, piggy-backed one on the top of 
45 the other for carrying out the continuous separation process according to claim 13, which compnses 

- a membrane compartment of a feed cell (2) flanked by an anodic buffer cell (6a) on one side and a 
cathodic buffer cell (7a) on the other, both being partitioned from the feed cell (2) by micro- or ultrafiltration 
membranes (1 ) which are permeable to electrically charged macromolecular compounds, and 

- electrode compartments (6. 7) spaced from each other and having the anode (4) and cathode (5) located 
therein, being partitioned from the anodic and cathodic buffer cells (6a, 7a) by an anion- and cation- 
exchange membrane (8. 9) respectively, which are impermeabte to said electrically charged macro- 
molecular compounds, and having no or very low permeability to salts. ««™h, ana 

16. An electrophoresis apparatus according to any one of claims 11, 12 and 15, wherein the membrane 
compartment contains turbulence promoting grids. 
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Figure (3a) 
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Figure (3b) 
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pH > pi. > Pi, 
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